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Abstract

The nuclear poly(A) binding protein (PABPN1) stimulates poly(A) polymerase and controls the lengths of
poly(A) tails during pre-mRNA processing. The wild-type protein possesses 10 consecutive Ala residues
immediately after the start methionine. Trinucleotide expansions in the coding sequence result in an ex-
tension of the Ala stretch to maximal 17 Ala residues in total. Individuals carrying the trinucleotide
expansions suffer from oculopharyngeal muscular dystrophy (OPMD). Intranuclear inclusions consisting
predominantly of PABPN1 have been recognized as a pathological hallmark of the genetic disorder. To
elucidate the molecular events that lead to disease, recombinant PABPN1, and N-terminal fragments of the
protein with varying poly-L-alanine stretches were analyzed. As the full-length protein displayed a strong
tendency to aggregate into amorphous deposits, soluble N-terminal fragments were also studied. Expansion
of the poly-L-alanine sequence to the maximal length observed in OPMD patients led to an increase of
�-helical structure. Upon prolonged incubation the protein was found in fibrils that showed all character-
istics of amyloid-like fibers. The lag-phase of fibril formation could be reduced by seeding. Structural
analysis of the fibrils indicated antiparallel �-sheets.

Keywords: Amyloid-like fibrils; seeding; trinucleotide expansions; poly-L-alanine; oculopharyngeal mus-
cular dystrophy

Several human disorders are caused by trinucleotide expan-
sions, including the often-cited and well-studied Hunting-
ton’s disease and spinocerebellar ataxia type I, two disor-
ders caused by genetic polymorphisms resulting in the ex-
pansion of Gln stretches (Trottier et al. 1995; Klement et al.
1998; Cummings and Zoghbi 2000). For both Huntington
and ataxin, less than 40 consecutive Gln residues represent
the wild-type situation. Above this threshold, additional Gln

residues result in abnormal phenotypes with a clear corre-
lation between the number of surplus Gln and early onset of
the disease. Pathologically, the diseases are characterized by
the deposition of the mutant proteins in amyloid fibers.
Although fibril formation is generally thought to be caused
by conformational changes leading to �-sheet structures, the
actual cause finally leading to the disease is still under de-
bate. In addition to poly-L-glutamine extensions, gene poly-
morphisms causing the expansion of Ala stretches have also
been reported. Short poly-L-alanine repeats of about 10 resi-
dues are commonly found in nature. Their biochemical
function is, however, so far unknown except for spider fiber
protein where the poly-L-alanine segments endow the fibers
with crystalline properties (Simmons et al. 1996). Poly-L-
alanine extensions causing diseases have so far been de-
tected exclusively in transcription factors and the nuclear
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poly(A) binding protein PABPN1 (Muragaki et al. 1996;
Mundlos et al. 1997; Brais et al. 1998; Brown et al. 1998;
Goodman et al. 2000; Crisponi et al. 2001; Galant and Car-
roll 2002; Ronshaugen et al. 2002). In contrast to the CAG
polymorphisms with extreme extensions that result in poly-
L-glutamine stretches of up to 180 residues, GCG repeats
leading to an extension of Ala segments appear moderate
and are genetically stable. So far, repeats of only up to 10
additional Ala residues have been reported that extend the
normally occurring 10–18 Ala segments (Muragaki et al.
1996; Mundlos et al. 1997; Brais et al. 1998; Brown et al.
1998; Crisponi et al. 2001).

The nuclear poly(A) binding protein (PABPN1) stimu-
lates polyadenylation and controls the length of poly(A)
tails (Wahle 1991; Wahle and Rüegsegger 1999). Immedi-
ately following the start methionine, PABPN1 has a natural
12 Ala stretch that is interrupted after the tenth Ala residue
by a single Gly residue (Fig. 1). Trinucleotide expansions
result in an extension of the wild-type 10 Ala sequence
before the Gly residue to a maximum of 17 Ala residues.
Individuals carrying the extensions develop the disease ocu-
lopharyngeal muscular dystrophy (OPMD) that is charac-
terized by swallowing difficulties, eyelid drooping, and
limb weakness (Brais et al. 1998). Biopsy material from
patients revealed intranuclear inclusions of palisade-like
structures in muscle fibers (Tomé et al. 1997). Strikingly,
PABPN1 is the main constituent of the fibers together with
ubiquitin, proteasomal subunits, and poly(A) RNAs (Calado
et al. 2000).

PABPN1 is a 33-kD protein containing a single RNA
binding domain (residues 161–258) consisting of a eukary-
otic RNA recognition motif that is flanked by an acidic N
and a basic C terminus (Fig. 1). Analysis of truncation con-
structs indicated that the C terminus (residues 259–306)
contributes to RNA binding (Kühn et al. 2003). Residues
125–161 are predicted to form an �-helix, and are required
for the stimulation of the poly(A) polymerase (Kerwitz et al.
2003). The function of the first 124 amino acids during

polyadenylation is yet unknown. A recent publication re-
vealed that an N-terminal fragment of PABPN1 comprising
the first 145 residues interacts with the transcription factor
SKIP and enhances synthesis of myogenic factors (Kim et
al. 2001).

The molecular mechanism by which the Ala extensions
cause OPMD is completely unknown. To learn more about
the molecular steps leading to the disease, we carried out
biophysical comparisons of the wild-type protein with
PABPN1 variants containing the most extreme extension of
seven additional Ala (PABPN1-[+7-]Ala) and a PAPBN1
variant lacking the complete N-terminal Ala stretch
(PABPN1-�Ala) (Fig. 1). No structural differences due to
the additional poly-L-alanines were detected via circular di-
chroism (CD) analysis. However, when N-terminal frag-
ments were investigated, the variant carrying seven addi-
tional Ala residues showed increased �-helical structure and
exhibited a pronounced propensity to form fibrils, in con-
trast to the fragments derived from wild-type and the Ala
deletion. Seeding with preformed fibrils reduced the lag
phase of fibril formation.

Results

Secondary structure and stability of PABPN1

Secondary structure predictions of PABPN1 using Predict-
Protein by Expasy indicated a low secondary structure con-
tent of the protein apart from the ribonucleoprotein (RNP−)
domain (Fig. 1A). The low content of predicted secondary
structural elements at the termini of PABPN1 might be due
to the high content of Pro and Glu (20 Pro and 24 Glu within
125 residues) in the N terminus and the highly positively
charged C terminus (11 Arg within 40 residues). PABPN1-
WT, PABPN1-(+7)Ala and PABPN1-�Ala showed a strong
tendency to aggregate during purification. However, the ag-
gregates did not exhibit any amyloid-like structure as ana-
lyzed by electron microsocopy, Congo red staining, or

Figure 1. (A) Schematic presentation of the PABPN1. Cylinders indicate �-helical segments; arrows, �-sheets. (B) Schematic
presentation of the N-terminal fragments. Amino acids for the three different variants are indicated.
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FTIR-spectroscopy (data not shown). Unspecific aggrega-
tion could be retarded by buffers of high ionic strength such
as Tris buffer with 1.5 M KCl. The computer-predicted low
content of secondary structural elements was confirmed by
far-UV CD spectroscopy (data not shown). Comparison of
the CD spectra of the three PABPN1 variants, PABPN1-
WT, PABPN1-(+7)Ala, and PABPN1-�Ala, revealed no
structural differences that could have been caused by the
presence of surplus Ala or the deletion of all Ala residues in
the N terminus (data not shown). Chemical denaturation of
the variants with guanidinium thiocyanate was irreversible,
and unfolding at low guanidinium concentrations was ac-
companied by aggregation as observed by light scattering
(data not shown). Denaturant-dependent unfolding curves
did not differ between the three variants. Thus, neither a
stabilizing nor destabilizing effect of the presence or ab-
sence of poly-L-alanine segments could be detected.

N-terminal constructs of PABPN1

As the full-length proteins displayed the above mentioned
high propensity for unspecific aggregate formation, charac-
terization of truncated constructs of PABPN1 was consid-
ered to reveal more information about poly-L-alanine-in-
duced fibril formation. To this end, a tryptic digestion of
PABPN1-WT was performed. Proteolysis products were
analyzed by N-terminal sequencing and mass spectrometry
after purification by RP-HPLC. A major fragment compris-
ing residues 126–263 was identified (data not shown). As
proteolysis at residue 125 is likely to reflect a natural do-
main boundary, N-terminal variants with N-terminal His-
tags were constructed that comprised residues 1–125 of the
wild-type sequence (N-WT), the corresponding seven Ala
extended version (N-[+7]Ala) and the deletion variant (N-
�Ala; Fig. 1B). In contrast to the full-length proteins, all
truncated constructs lost the tendency to aggregate. Far-UV
CD-spectroscopy indicated a low content of secondary
structural elements as for the full-length proteins (Fig. 2A).
Comparison of the spectra of N-WT and N-�Ala showed
only a slight loss of secondary structure in N-�Ala. In con-
trast, the addition of seven Ala resulted in a different CD-
spectrum that suggested a gain in secondary structure. The
difference spectrum of N-(+7)Ala and N-WT indicated that
the increased CD signal is due to �-helical structure (Fig.
2B). Evaluation of the stability of the three variants by
chemically or thermally induced unfolding did not show any
cooperative transition. Thus, tertiary contacts may be absent
in the N-terminal fragments.

Fibril formation caused by poly-L-alanine extension

As tissue from patients with poly-L-alanine extensions
shows characteristic fibrillar inclusions, fibril formation
was studied with the N-terminal fragments. In initial experi-

ments, protein concentrations of 2 mM (30 mg/mL for
N-WT) were routinely chosen and incubation was carried
out at 37°C. In the first experiments, samples were analyzed
for binding to thioflavin T (ThT), a histological dye that is
commonly used for the detection of amyloid fibrils (LeVine
III 1993). Binding of ThT to amyloid fibrils results in fluo-
rescence at 490 nm upon excitation at 450 nm, whereas
unbound ThT does not fluoresce at this wavelength.
N-(+7)Ala showed ThT binding after an incubation time or
lag phase of 7 d, indicating formation of amyloid-like
fibrils. For N-WT, an incubation time of ca. 27 d was re-
quired for detecting ThT fluorescence. N-�Ala did not show
any interaction with ThT within an observation time of 100
d. A possible proteolytic degradation of the samples was
excluded by SDS-PAGE analysis. For confirmation of amy-
loid-like structures, negatively stained electron microso-
copy (EM) of both N-(+7)Ala and N-WT was performed.
Fibrils of both N-(+7)Ala and N-WT appeared as un-
branched filaments with a diameter of 12–14 nm (Fig. 3).
Experiments with the same protein concentrations at 20°C
resulted in lag phases of ca. 12 weeks for N-(+7)Ala. To
explore whether fibril formation may be caused by the N-
terminal His-tag rather than the presence of poly-L-alanine

Figure 2. (A) Far-UV CD spectra of N-WT (filled circles), N-(�)Ala
(filled squares), N-(+7)Ala (filled triangles), and N-WT unfolded in 6 M
GdmCl (open circles). (B) Calculated difference spectrum of N-(+7)Ala
and N-WT.
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segments, the His-tag of N-(+7)Ala was removed by CNBr
cleavage, controlled by SDS-PAGE and mass spectrometry
(data not shown). Fibril formation with the cleaved variant
was confirmed by ThT fluorescence (data not shown) and
EM (Fig. 3, inset). As the morphology of fibrils formed by
N-(+7)Ala after CNBr treatment did not differ from that of
the untreated material, for convenience, all further experi-
ments were carried out using the tagged variants. In further
assays, the concentration dependence of fibril formation
was tested at 37°C. Decreasing the concentration of
N-(+7)Ala to 2 mg/mL (140 �M) resulted in a lag phase of
ca. 35 d while at a concentration of 1 mg/mL (70 �M) even
after 100 d no fibrils were detected. Lag phases of N-WT
below concentrations of 30 mg/mL (2 mM) could not yet be
determined due to incubation times longer than 50 d.

Next, seeding experiments were carried out. Addition of
sonicated preformed fibrils of N-(+7)Ala to not yet fibril-
lized N-(+7)Ala led to a drastic decrease of the lag phases of
N-(+7)Ala (Fig. 4A). Interestingly, upon seeding, fibril for-
mation occurred even at those low protein concentrations
where no fibrils were detected without seeds. The onset of
fibril formation correlates with the length of the poly-L-
alanine sequence (Fig. 4B): Comparison of the kinetics of
fibril formation of N-WT and N-(+7)Ala by ANS fluores-
cence, a dye allowing a more sensitive detection of fibrils
(Fig. 4C), shows that the lag phase of fibril formation is

significantly prolonged in case of N-WT, even though the
protein concentration was only half of that of N-(+7)Ala
(Fig. 4B). Once the fibrils were formed they could not be

Figure 3. Negatively stained electron micrograph of uranyl acetate stained
fibrils from N-(+7)Ala fibrils and N-(+7)Ala of which the His-tag had been
removed before fibrillation by CNBr treatment (inset). Fibrils formed at a
protein concentration of 1.4 mM at 37°C. The bar corresponds to 90 nm.

Figure 4. (A) Fibril formation of N-(+7)Ala evaluated by ThT fluores-
cence with seeds (open circles) and without seeds (filled circles). Fibrilla-
tion without seeds was fitted to a sigmoidal curve (solid line). Fibrils
formed at 37°C and at a protein concentration of 560 �M (8 mg/mL). (B)
Kinetics of fibril formation followed by ANS fluorescence. Fibrils of
N-(+7)Ala (circles) and N-WT (triangles) formed at 37°C at protein con-
centrations of 1.1 mM and 2.2 mM, respectively. (C) Fibril-dependent
ANS fluorescence. N-(+7)Ala was fibrillized at a concentration of 2 mM.
ANS binding was tested before (dotted line) and after 6 weeks (solid line)
incubation at 37°C.
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solubilized by either a seven day incubation in 6 M gua-
nidinium chloride, pH 2.0, or in 1% SDS at 60°C. Even
treatment with proteinase K at a 1 : 1 ratio (w/w) over the
period of 3 d did not result in degradation of the fibrils.

Structural characterization of the fibrils

Depending on the flanking amino acids, poly-L-alanine pep-
tides can adopt either �-helical or �-sheet structures (Mar-
qusee et al. 1989; Blondelle et al. 1997; Miller et al. 2001;
Perutz et al. 2002). FTIR spectroscopy is suited to deter-
mine the secondary structure of polypeptides and proteins.
FTIR spectra of fibrils formed and dissolved in D2O were
recorded and the shape of the amide I band in the wave
number region from 1600–1700 cm−1 was analyzed by Fou-
rier self-deconvolution for band frequencies characteristic
for different secondary structural elements. The FTIR spec-
trum of fibrillar N-(+7)Ala significantly differed from that
of soluble protein (Fig. 5). The spectrum of the fibrils re-
vealed a high-frequency, low-intensity band at 1689 cm−1

and a high-intensity band with low frequency at 1621 cm−1.
The positions of these two bands are characteristic of anti-
parallel �-structures, and have also been observed in other
amyloid fibrils (Byler and Susi 1986; Come et al. 1993;
Nguyen et al. 1995; Conway et al. 2000; Kim et al. 2002).
The band at 1673 cm−1 cannot be unambiguously assigned.

Discussion

Poly-L-alanine stretches occur in many proteins in nature,
the most prominent example being spider silk fibroin
(Gatesy et al. 2001). Recently, poly-L-alanine stretches have
also been recognized in nucleic acid binding proteins in-
volved in transcriptional regulation. With the exception of
dragline spider fibroin, where poly-L-alanine stretches con-

fer the tensile properties via �-sheet structures (Simmons et
al. 1996; van Beek et al. 2000), to our knowledge nothing is
known about the biochemical role of poly-L-alanines in
other proteins. Recently, a number of publications described
the linkage of poly-L-alanine expansions and genetic dis-
eases (Muragaki et al. 1996; Mundlos et al. 1997; Brais et
al. 1998; Brown et al. 1998; Goodman et al. 2000; Crisponi
et al. 2001). Aside from PABPN1, all the other proteins
affected by poly-L-alanine expansions are transcription fac-
tors. Truncation studies employing the transcription factors
Engrailed (En) and Even-skipped (Eve) from Drosophila
indicated that the Ala segments may mediate gene repres-
sion (Han and Manley 1993a,b). Still, the molecular mecha-
nism awaits detailed analysis.

The only RNA processing protein that is known to cause
a poly-L-alanine linked disease is PABPN1. To analyze the
biophysical changes caused by extended poly-L-alanine
stretches in PABPN1, the wild-type form was compared to
both the form possessing the most extreme expansion oc-
curring in human and an artificial form lacking the entire
N-terminal Ala stretch. Biophysical analysis of the full-
length proteins was hampered by their pronounced tendency
to aggregate. No fibrillar structures could be detected by
Congo red staining, FTIR, and EM. As aggregation could be
retarded by buffers of high ionic strength, it seems likely
that association of molecules occurs by ionic interaction of
the oppositely charged N- and C-termini of PABPN1. In
vivo, ionic interactions may be suppressed by binding to the
poly(A) tail of mRNA, the natural target of PABPN1.

CD analysis of the full-length proteins under high salt
conditions did not reveal any structural changes upon either
extension of the natural 10 Ala segment to 17 Ala residues
or complete deletion of the Ala stretch. It is possible that
slight changes in the secondary structure content are not
detectable in the context of the full-length proteins as CD
analysis of the N-terminal fragments clearly showed an in-
crease in �-helicity in N-(+7)Ala when compared to N-WT
or N-�Ala (Fig. 2B). These data suggest that the 10 Ala
residues of N-WT may not be sufficient for the formation of
an �-helical structure. Apparently, the capacity of poly-L-
alanines to form �-helical structures depends on the protein
context, as it has been recently shown that a short peptide
consisting of D2A10K2 adopted an �-helical structure inde-
pendent of the pH (Perutz et al. 2002).

Investigation of the N-terminal segments for their poten-
tial to form amyloid-like fibrillar aggregates revealed that
the addition of seven surplus Ala residues resulted in a
pronounced propensity of fibril formation. With N-�Ala no
fibril formation was observed. Lag phases of fibril forma-
tion with ca. 7 days for N-(+7)Ala and ca. 27 days for
N-WT at the same molar concentrations (2 mM) clearly
depended on the length of the poly-L-alanine segment. Ad-
dition of seeds consisting of preformed fragmented fibrils
by N-(+7)Ala drastically reduced the lag phases of both

Figure 5. FTIR spectrum of N-(+7)Ala in D2O at a concentration of 1.3
�M. (Solid line) Undeconvoluted spectrum of fibrillized N-(+7)Ala,
(dashed line) deconvoluted spectrum of fibrillized N-(+7)Ala, (dotted line)
spectrum of not yet-fibrillized material.
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N-(+7)Ala and N-WT. The reduced lag phases upon seeding
very likely reflect elongation of fibrils added as seeds by
those polypeptides that had undergone conformational
changes from �-helical to �-sheet structures. The concen-
tration of N-(+7)Ala—2 mg/mL (140 �M)—required for
fibril formation appears unphysiologically high. Taking into
consideration, however, that PABPN1 molecules have been
observed on poly(A) tails like beads on a string, local con-
centrations of PABPN1 might be considerably in excess of
those expected in solution (Keller et al. 2000). It has also
been reported that self-association of the protein mediated
by C-terminal sequences, which are not present in the N-
terminal protein fragments studied here, favors the forma-
tion of insoluble aggregates, presumably fibrils, in vivo
(Fan et al. 2001). Important for the discussion of the mo-
lecular scenario underlying the disease onset is the fact that
once seeds have formed, elongation of fibrils can proceed at
concentrations much lower than 2 mg/mL. As OPMD is an
adult-onset disease that usually starts in the sixth decade, the
late onset and progressive disease development may reflect
long in vivo lag phases. Once the in vivo lag phase is
overcome, a rapid deterioration could be caused by pre-
formed fibrils that are likely to mould native structures into
the alternative amyloid conformation.

Investigations of N-(+7)Ala fibrils by EM and upon thio-
flavin T or ANS binding revealed properties of amyloid
fibrils. Biophysical investigation via FTIR indicated an an-
tiparallel ß-structure. How can a polypeptide that has been
shown to possess �-helical structures adopt a completely
different structure concomitant with the loss of its solubil-
ity? It is now generally accepted that the long holding
dogma “one sequence, one fold” has to be abandoned. A
vast amount of literature on amyloid proteins documents
that certain, maybe many, proteins can exist in alternate
conformations. A striking example is myoglobin with most
of its sequence arranged in �-helices. Under conditions that
destabilize the native state, myoglobin adopts fibrillar struc-
tures consisting of �-sheets (Fändrich et al. 2001). Simi-
larly, conformational changes can be induced in phosphos-
glycerate kinase (Damaschun et al. 1999). A popular hy-
pothesis suggests that mutations that destabilize �G of the
native state ease conformational conversions (Perutz et al.
2002). In contrast to many other proteins that possess a
globular fold in the native state, that is, tertiary contacts,
unfolding of the N-terminal segments of PABPN1 was un-
cooperative. It is therefore likely that this portion lacks ter-
tiary contacts in the native state. For conversion into fibrils
probably only one �-helix has to unfold, and no tertiary
contacts have to be broken as proposed for the prion protein,
human cystatin C, or human stefin (Janowski et al. 2001;
Knaus et al. 2001; Staniforth et al. 2001). Conformational
transitions of �-helical into �-sheet structures have also
been reported for prion protein peptides (Nguyen et al.
1995).

Trinucleotide-based illnesses have received a lot of atten-
tion in the recent past. So far, the major focus has been on
poly-L-glutamine repeats as those present in Huntington’s
disease and spinocerebellar ataxia type 1. A recent publica-
tion discusses the possibility that CAG repeats leading to
the extension of poly-L–glutamine are accompanied with
rare transcriptional or translational + 2 frame shifts that
would result in poly-L–alanine sequences (Gaspar et al.
2000). A number of papers have been published that report
poly-L–alanine based severe disorders in humans. The mo-
lecular causes underlying these diseases are just about to be
elucidated. By an OPMD cell culture test system, evidence
was obtained that protein aggregation and cell death elicited
by poly-L–alanine sequences are linked (Bao et al. 2002).
Here, we could demonstrate in vitro fibril formation caused
by poly-L–alanine expansions with the N-terminal fragment
of PABPN1. Clearly, additional Ala residues ease the con-
version into the alternate conformation, although the wild-
type fragment could also adopt the amyloid-like state. Fibril
formation by the wild-type protein is not entirely unex-
pected, as the extension of the polyalanine sequence even by
a single residue results in a recessive OPMD phenotype, that
is, presumably fibril formation, in humans (Brais et al.
1998). Description of the molecular steps that are likely to
underly the diseases may eventually lead to the discovery of
compounds that impair fibril formation and could serve as
therapeutics.

Materials and methods

Cloning of PABPN1 and N-terminal domains
of PABPN1

A partially synthetic gene for bovine PABPN1 (GenBank acc. No.
X89969, Kühn et al. 2003) was recloned into pET11a (Novagen)
via insertion into NdeI and BamHI sites. For construction of a
variant of PABPN1 carrying seven surplus Ala residues
(PABPN1-(+7)Ala), additional codons for Ala were introduced via
the QuickChange mutagenesis kit (Stratagene). For mutagenesis,
primers 5� CAC CAT ATG GCG GCA GCC GCG GCG GCA
GCG GCA GCA GCA 3� and the corresponding complementary
oligonucleotide were used. Here, the template DNA was in vector
pET8c with an N-terminal His-tag. For expression, the mutant
DNA was inserted via NdeI and BamHI sites into vector pET11a.
For constructing a variant of PABPN1 lacking the 10 N-terminal
Ala residues following the start methionine (PABPN1-[�]Ala),
DNA encoding the wild-type sequence was mutagenized via PCR
with the mutagenesis primer 5� CAC ATA TGG CAG GAG GAA
GAG GAT CAG G 3� and the back primer 5� GCT AGT TAT
TGC TCA GCG GTG G 3�. For obtaining N-terminal fragments of
PABPN1, DNA was PCR amplified with the primers 5� CGA AAT
TAA TAC GAC TCA C 3� and 5� CCA GGA TCC TTT ATC
GAG CTT TTA TTG CTT C 3�. PCR products were digested with
NdeI and BamHI and ligated into pET15b because efficient ex-
pression of the fragments was achieved only in the context of the
N-terminal His-tag provided by the vector. All constructs were
verified by DNA sequencing.

Scheuermann et al.

2690 Protein Science, vol. 12



Recombinant protein expression and purification

PABPN1-WT, PABPN1-(+7)Ala, and PABPN1-�Ala were ex-
pressed in Escherichia coli (strain BL21[DE3]) using the T7 sys-
tem from Novagen (pET11a). Cells were induced with 1 mM IPTG
at OD600 � 0.5–0.8 and harvested 3 h after induction. Cells were
resuspended in 50 mM MOPS, pH 6.5, 5 mM EDTA. After cell
disruption by high pressure dispersion the supernatant was diluted
1 : 1 with 3 M KCl, 50 mM MOPS, pH 6.5, 50 mM Na4P2O7, 1
mM DTT, 5 mM EDTA, resulting in a final KCl concentration of
1.5 M. (NH4)2SO4 was added to a final concentration of 1.75 M.
The solution was incubated for 1 h at 4°C and centrifuged. The
supernatant was subjected to hydrophobic interaction chromatog-
raphy (HIC). A Fractogel EMD Phenyl (S) column (Novagen)
was equilibrated with 1.5 M KCl, 1.75 M (NH4)2SO4, 50 mM
MOPS, pH 6.5, 50 mM NaP2O7, 1 mM DTT, 5 mM EDTA. After
loading, washing was performed with the equilibration buffer lack-
ing (NH4)2SO4. To prevent ionic aggregation during elution by the
decreasing ionic strength, elution was performed by a continuous
L-arginine gradient from 0 M to 1 M L-arginine in 50 mM MOPS,
pH 6.5, 50 mM NaP2O7, 1 mM DTT. Fractions containing
PABPN1 were dialyzed in the presence of a strong cation ex-
change gel material (Fractogel EMD SO3− (S) (Novagen) against
50 mM MOPS, pH 6.5, 1 mM DTT, 5 mM EDTA. The slurry with
bound PABPN1 was transferred into a void column and eluted by
a KCl gradient (0 M–1.5 M) with 1.5 M KCl, 50 mM MOPS, pH
6.5, 50 mM NaP2O7, 1 mM DTT, 5 mM EDTA. PABPN1 con-
taining fractions were loaded on a gel filtration column (HiLoad
Superdex 75 prep grade, Amersham Pharmacia Biotech) equili-
brated with 1.5 M KCl, 50 mM MOPS, pH 6.5, 50 mM NaP2O7,
1 mM DTT, 5 mM EDTA. Protein purity was controlled by SDS-
PAGE, and protein concentrations were determined by UV-ab-
sorption.

N-terminal fragments of wild-type (N-WT), the variant contain-
ing seven additional Ala residues (N-(+7)Ala) and that with the
deletion of all 12 N-terminal Ala residues including Gly11

(N-�Ala) (Fig. 1B) could only be expressed as fusions with
N-terminal His-tags using the vector pET15b. Harvested cells were
resuspended in 50 mM Tris, pH 8.0, 5 mM EDTA. After cell
disruption by high pressure dispersion, debris was sedimented by
centrifugation. The supernatant was incubated for 5 min at 80°C
and centrifuged. The supernatant was diluted 1 : 1 with iso-propa-
nol, centrifuged, and the supernatant was again diluted 1 : 1 with
50 mM Tris, pH 8.0, 5 mM EDTA and loaded on a Q Sepharose
Fast Flow (Amersham Pharmacia Biotech) equilibrated with 50
mM Tris, pH 8.0, 5 mM EDTA. Washing was performed with 100
mM NaCl, 50 mM Tris, pH 8.0, 5 mM EDTA. Elution was
achieved by a salt step with 200 mM NaCl, 50 mM Tris, pH 8.0,
5 mM EDTA. Fractions with N-terminal fragments were pooled
and further purified by gel filtration on a HiLoad Superdex 75 prep
grade (Amersham Pharmacia Biotech) equilibrated with 50 mM
Tris, pH 8.0, 5 mM EDTA. CNBr cleavage of N-(+7)Ala was
performed to test whether the His-tag may cause fibril formation.
CNBr cleavage was possible because the start methionine of
PABPN1 separating the tag from the PABPN1 sequence is the
only internal methionine of this construct. Before cleavage,
N-(+7)Ala was dialyzed against water and then lyophilized. Ly-
ophilized material was redissolved in 70% formic acid purged with
N2 containing at least 50-fold molar excess of CNBr over methi-
onine in the protein preparation. The mixture was incubated in the
dark for 24 h at room temperature. Subsequently, the material was
dialyzed against water, and then against 50 mM Tris, 20 mM
imidazol, 300 mM NaCl, pH 8.0. The His-tag was subsequently
removed by IMAC.

Circular dichroism (CD)

CD spectra were recorded at 20°C on an Aviv model 62A DS
spectropolarimeter. PABPN1-WT (110 �g/mL), PABPN1-
(+7)Ala (210 �g/mL), PABPN1-�Ala (160 �g/mL) were mea-
sured in 1-mm quartz cuvettes over the range of 210–260 nm in 1.5
M KCl, 50 mM MOPS, pH 6.5, 50 mM NaP2O7. N-WT (1.0
mg/mL), N-(+7)Ala (1.0 mg/mL) and N-�Ala (0.75 mg/mL) were
analyzed in 0.1-mm quartz cuvettes over the range of 190–260 nm
in 5 mM MOPS, pH 6.5. The spectrum of denatured N-WT was
recorded in 6 M GdmCl, 5 mM MOPS, pH 6.5, at a protein
concentration of 1 mg/mL in a 1-mm quartz cuvette. The CD
spectra shown represent the average of 10 scans run in 1-nm in-
tervals.

Fibril analysis by ThT (thioflavine T) and
ANS (1-anilino-8-naphtalensulfonate)

For fluorescence measurements with the dye thioflavine T (ThT),
samples were diluted to final concentrations of 50–200 �g/mL
(3.5–13.6 �M) with 5 �M ThT in 150 mM NaCl, 5 mM KH2PO4

pH 7.4. Fluorescence spectra were recorded upon excitation at 450
nm from 460 to 600 nm in a Jobin Yvon Spex Fluoromax2 at 20°C.
Experiments were performed in 1-cm quartz cuvettes with excita-
tion and emission slit widths of 5 nm. Fibril-dependent ANS fluo-
rescence was recorded at an emission wavelength of 480 nm upon
excitation at 370 nm. For fluorescence measurements, samples
were diluted to a final concentration of 5 �M with 250 �M ANS
in 150 mM NaCl, 5 mM KH2PO4, pH 7.4.

Seed preparation

For seeding experiments, preformed fibrils were centrifuged at
70,000 × g, washed with 5 mM KH2PO4, pH 7.4, 150 mM NaCl,
and sonicated. Seeding was performed by adding 0.4% (w/v) seeds
to monomeric protein solutions.

Electron microscopy (EM)

Samples were diluted with distilled water to final concentrations of
500 �g/mL and spotted on a carbonized copper grid. The grids
were incubated for 3 min, air dried, washed with water, and again
air dried. The fibrils were negatively stained with 2% (w/v) uranyl
acetate and visualized in a Zeiss EM 900 electron microscope
operating at 80 kV.

Fourier transform infrared spectroscopy (FTIR)

Infrared spectra were recorded on a Bruker IFS 66 FTIR spec-
trometer equipped with a MCT detector under continuous purge
with dry nitrogen. For FTIR spectroscopy, fibrils of N-(+7Ala) (20
mg/mL) were allowed to form in D2O. Fibrillized material was
then lyophilized and dissolved in D2O before spectroscopy. For
comparison, soluble protein was lyophilized and subsequently dis-
solved in D2O to replace protons by deuterium. Samples were
prepared between two CaF2 windows separated by a Teflon spacer
of 50 �m. D2O spectra were recorded under the same conditions
and subtracted from the spectra obtained from fibrils and soluble
N-(+7)Ala.
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